ABSTRACT Large-scale wind generators connected to a power system turn the collector system into a multi-power wind farm network. With increasing fault current supplied by wind generators, the collector power line (CPL) current protection may lose selectivity. Directional elements are widely used to block the CPL current protection. However, wind generators are different from synchronous generators. The reliability and adaptability of traditional directional elements used in wind farms have not been well researched. For this reason, the fault current characteristics of doubly fed induction generators (DFIGs) are first analyzed in different low voltage ride-through (LVRT) strategies. It is concluded that the traditional directional elements may be insufficiently sensitive or malfunctioning to block the CPL current protection in wind farms. Hence, constructing the amplitude ratio and phase difference-based directional blocking scheme is proposed in view of the DFIG weak-feed. The proposed scheme, based on the system side and CPL current, is easy to implement and suitable for the application. Finally, the simulation of a DFIG-based wind farm system with the four CPLs is carried out with MATLAB/Simulink. The simulation results show good preference, strong adaptability, and high reliability for the proposed method, and the validity is demonstrated.
I. INTRODUCTION
Large-scale new energy connected to the power grid turns the traditional single-power network into a multi-power network, posing a huge challenge to traditional relay protection [1] - [3] . Compared with traditional synchronous machine power, the single unit capacity of a wind turbine is too small and insignificant. However, considering the number of wind turbines installed in wind farms, the feed current of wind generators during the fault is large enough to affect the operating characteristics of the relay protection. Therefore, wind generators can no longer be regarded as power load. More importantly, the fault current characteristics of wind generators should be studied in order to analyze their influence on relay protection and its applicable conditions [4] - [7] .
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CPLs, as the important lines in wind farms, mainly ensure the collection and transmission of electrical energy. Since directional relays can clearly identify the fault direction, it is more and more common that directional elements are installed on the CPLs to improve the selectivity of current protection [8] , [9] . In a traditional power grid, the impedance angles of sequence components in the fault additional network are consistent, and there is no other equivalent potential except the fault location [10] . However, in wind farms, the wind generator transient fault current is related to the LVRT strategy and is different from a traditional grid. As a result, the wind generator equivalent potential is inconsistent during the fault, affecting the performance of directional elements and in turn causing directional elements to not work properly.
At present, relevant research shows that wind power influences directional elements. In [11] , a simulation analysisbased method is used to study the positive and negative sequence impedances of wind generators in the fault additional network. It is concluded that the positive and negative sequence impedances are not equal and that the positive sequence impedance is unstable. A mathematical model is established in [12] . Theoretical derivation indicates that the existence of the slip-frequency component makes the positive sequence equivalent impedance unstable. Based on the operating principle of an asynchronous motor, the steadystate positive and negative sequence impedances of a DFIG are quite different [13] , [14] . In [15] , it is pointed out that wind power connected to a power grid will also affect the phase selection components. Based on previous research, it is clearly known that the wind farm fault component is different from a traditional grid, and the directional elements and phase selection elements in a wind farm are affected. Although some scholars have proposed solutions, such as in [16] , the mechanism of influence for wind generators on directional elements is still unclear. Therefore, the present research needs to be further deepened.
First, the DFIG mathematical model in the dq coordinate system is given. According to the initial conditions, the analytical expression is calculated for the DFIG stator-side fault current under different LVRT strategies. Furthermore, the adaptability of directional elements in the wind farm is studied based on the DFIG output current characteristics. In the cases of directional element selective failure, using the amplitude and phase angle as blocking criteria is proposed, based on the wind farm and system side CPL current. Based on a comprehensive amplitude-phase comparison of positive sequences, negative sequences and fault phase components, the blocking sensitivity of non-fault CPL current protection is improved. Finally, it is verified by simulation analysis.
II. CHARACTERISTIC ANALYSIS OF A WIND FARM COLLECTOR SYSTEM
Large wind farms are usually widely distributed and contain a large number of wind turbines. The electric energy generated by wind turbines is sent to the wind farm bus through CPLs and then to the grid through the outgoing line.
There are two distinct differences between a wind farm collector network and a traditional distribution network. Unlike the radial traditional distribution network, CPLs are usually very short. Wind turbines can supply current during fault, which makes the collector system a multiterminal power network.
A. CURRENT PROTECTION PERFORMANCE
At present, the stage current protection on CPLs in wind farms is transplanted from the traditional distribution network. Since CPLs are already at the end of the power system, the current protection does not need to cooperate with the next level of current protection. Actually, two-stage current protection is adopted.
The uncertain characteristics of wind power make it difficult to set the protection setting. As a result, the sensitivity and reliability of the I segment current protection are lower compared with traditional distribution networks. Since the II segment current protection is set according to the maximum load current on CPLs, it operates reliably. However, in the case of a backward fault on CPLs, the current supplied by the wind generators will cause II segment current protection selectivity loss. Therefore, it is necessary to install directional elements.
B. DIRECTIONAL ELEMENT PERFORMANCE
The selectivity of current protection can be improved by directional elements. However, there are differences between wind generators and synchronous generators. The reliability and selectivity of current protection depends on the performance of directional elements in wind farms.
The performance is analyzed by taking abrupt signal-based directional elements as an example. The impedance is calculated from the fault voltage and current, i.e., u/ i = −Z . For the traditional distribution network, the impedance angle of lines is the same as the power supply. If the resistance is neglected, the impedance angle is −90 • for forward faults and 90 • for backward faults. The judgment of forward and backward faults is shown in Figure 1 . As wind turbines adopt LVRT strategies during the fault, converters can no longer provide constant excitation capacity to them. Therefore, the equivalent potential of wind generators is no longer constant. Since the fault current of the nominal frequency component is related to the equivalent potential, u/ i is not only related to the equivalent impedance of wind turbines but also to the variation of the equivalent potential. Therefore, the application of abrupt signal-based directional elements may face many problems in wind farms.
III. RESPONSE MECHANISM OF THE DFIG FAULT CURRENT
The protection algorithm is based on the nominal frequency component. Therefore, it is necessary to focus on the calculated value changes in the nominal frequency fault current. In order to facilitate analysis, assuming that a DFIG is an ideal motor, the mathematical model in a three-phase stationary coordinate system is transformed into a synchronous rotating coordinate system [17] . Then, we obtain the stator-rotor VOLUME 7, 2019 relationship for a DFIG in the dq coordinate system.
where u, i and ψ are the voltage space vectors, current, and flux linkage of DFIG. R is the resistance, L is the inductance, subscripts s and r are the stator and rotor, respectively, ω s and ω r are the synchronous angular speed and rotor speed, ω 2 = ω s − ω r , L m is the excitation mutual inductance, and p is the differential operation. The DFIG control strategy is typically based on stator flux linkage and voltage orientation [18] , [19] . Taking the stator voltage orientation control as an example, the DFIG is in steady state before the fault, and the initial values of the stator voltage and current are u s|0| and i s|0| . (in pu. , u s|0| = 1)
A. FAULT CURRENT CALCULATION AS INPUT CROWBAR RESISTANCE
When inputting the crowbar resistance R cb , the rotor resistance is R r = R r +R cb . The magnetomotive force synthesized by the stator and rotor currents passes through the magnetic flux leakage path. The stator and rotor transient reactance are
where
According to the law of electromagnetic induction, the stator-side ω s , −ω s and DC frequency components induce the rotor-side ω 2 , ω r + ω s and ω r frequency components, respectively. Assuming that the rotor speed remains unchanged during the fault, the stator-side positive and negative steady-state equivalent impedances Z s.eq , Z s.eq− and transient impedance Z s.eq , Z s.eq− are as in
Assume that the positive sequence voltage of the stator is k and that the negative sequence voltage is u f − in the steady state after the fault, the expression of the DFIG stator current in a dq coordinate system after fault is as follows:
where τ s = σ L s /R s and τ r = σ L r /R r . In (5), the DFIG fault current contains the ω 2 frequency component (corresponding to the speed-frequency component in a three-phase stationary coordinate system). Because the rotor speed is close to the synchronous speed and the calculation time window of protection does not exceed one nominal frequency cycle, the speed-frequency component will affect the calculation results of the nominal frequency component. The crowbar resistance is usually ten times the rotor resistance [20] , [21] , and the stator resistance is small and negligible. In addition, R r ω r σ L r , so we have Z s.eq ≈ Z s.eq− ≈ Z s.eq− = jω s σ L s . Therefore, the speed-frequency component in negative sequence current is almost zero and can be neglected.
As a result, if only the nominal frequency component is taken into account, the positive sequence fault current is related to the positive sequence voltage sag, the rotor speed and the initial stator current value, whereas the negative sequence fault current is related to negative sequence voltage.
B. FAULT CURRENT CALCULATION UNDER CONVERTER CONTROL
When the grid-side voltage does not sag seriously, the converter still works normally to achieve LVRT [16] . The rotorside converter controls the active and reactive power by the dand q-axis current of the rotor, whereas the grid-side converter is mainly responsible for maintaining the stability of the DC bus voltage. Generally, the DFIG slip is not large enough so the output current of the grid-side converter is much smaller than that of the stator side. Therefore, the grid-side converter fault current can be ignored when analyzing the DFIG fault current [21] .
The DFIG control strategy during the fault is ''disconnecting the power control loop and directly giving the rotor current command value'' [17] . After disconnecting the power control loop, the stator flux linkage can be calculated as in (7) when ignoring the stator resistance R s .
where τ s = L s /R s . According to the DFIG vector control principle, the transfer function block diagram of the rotor-side current loop is simplified as in Figure 2 .
Introducing the electromotive force e r caused by stator flux linkage change, we have In order to ensure fast dynamic response, the rotor-side control loop is usually designed as a typical first-order system [22] . Meanwhile, the dynamic response process can be ignored. Introducing the current loop transfer function φ(s), we have
According to the control block diagram as in Figure 2 , we have
where τ r = σ L r /R r . Therefore, the expression of the rotor current change i r (s) can be written as
According to the coupling relationship between the stator and rotor in (1) (2), the stator current change can be written as
Substituting (7) (8) (10) and (11) into (12), by inverse Laplace transform, the expression of positive sequence stator current in a dq coordinate system can be written as
where the change i * r in the rotor current command value is determined by the LVRT strategy during the fault. In addition, the converter only acts on the positive sequence component. Therefore, the expression of negative sequence current is similar to the input crowbar resistance, as in (6) . However, the rotor equivalent resistance is different.
As a result, when the converter is adopted for LVRT, the positive sequence DFIG stator current is related to the voltage sag and control strategy, whereas the negative sequence stator current is only related to the negative sequence voltage during the fault.
IV. FAILURE REASONS FOR DIRECTIONAL ELEMENTS IN WIND FARMS
According to the analysis above, the negative sequence current is only linearly related to the negative sequence voltage during the fault. Therefore, the negative sequence directional elements are suitable for wind farms. Whether the LVRT strategy is adopted by inputting crowbar resistance or converter control, the calculated value of the positive sequence current is not related only to the positive sequence voltage. Therefore, the adaptability of the positive sequence directional elements in wind farms should be further analyzed.
A. ROTOR SPEED AND FAULT CURRENT ATTENUATION CHARACTERISTICS
As inputting crowbar resistance, the expression for DFIG fault current is written as in (5 
When ω r = ω s , there is ω 2 = 0. At this time, i D is the attenuated nominal frequency component in the threephase stationary coordinate system, and its initial value is determined by i s|∞| , i s and i s|0| . As i D decays from the initial value to 0, the amplitude and phase of the nominal frequency component in i s|0| change. Ignoring the stator resistance in (4), we have Z s.eq = jω s L s . Furthermore, the trace of the nominal frequency current component in the vector diagram can be drawn, as shown in Figure 3 . As is shown in Figure 3 , with decay i D during the fault, the phase of the nominal frequency current component i s gradually changes from the third to the fourth quadrant along the path indicated by the arrow. Meanwhile, the phase of i s changes from 90 to −90 degrees. Therefore, the directional elements, based on the positive sequence component or abrupt signal, will not work properly. As a result, the fault direction cannot be correctly discriminated.
When ω r = ω s , Z s.eq may have the resistance-inductance characteristic. The amplitude-phase curve of Z s.eq , which is related to the rotor speed and crowbar resistance, is drawn in Figure 5 . It shows that the impedance angles are different at different rotor speeds, leading to a difference in DFIG fault current amplitude and phase. As is shown in Figure 5 , the phase of i D rotates at the angular velocity of ω 2 with decay of i D . Therefore, the phase change of the nominal frequency current component is faster than when ω r = ω s . However, considering that ω 2 is usually small, the phase range of i s is still between 90 and −90 degrees.
In summary, the phase of the nominal frequency current component i s is no longer constant once the crowbar protection activates. Furthermore, the directional elements cannot correctly determine the fault direction, causing them to malfunction.
B. CONVERTER CONTROL STRATEGY
According to (13) , the nominal frequency component of the DFIG fault current under converter control can be written as
Therefore, the nominal frequency component of fault current is determined by k, i s|0| and i * r , where i * r is related to the converter control strategy during the fault.
Assuming the initial active power is P s|0| , a constant power factor control strategy is adopted for the DFIG. Therefore, we have Q s|0| = 0 and i s|0| = P s|0| . If the active and reactive power are directly given as P * s and Q * s after the fault, the preand post-fault equations can be written as in (16) and (17) according to the decoupling control strategy for DFIG.
According to (16) and (17), the rotor current change in the command value can be calculated as
In order to ensure wind farm safety, DFIGs are required to provide reactive power to support the power grid voltage during voltage sag according to the State Grid Standard [23] . Therefore, we have Q * s < 0 during the fault. In addition, in order to avoid long time converter overcurrent, active DFIG power output should be limited during the fault. Thus, P s|0| < P * s < 0 should be satisfied. Introducing the vector i D to represent the attenuated current component in (15) , the vector diagram of the nominal frequency component of fault current can be drawn as in Figure 6 , where
Obviously, the active and reactive power command values during the fault play a leading role in the nominal frequency component of fault current. As is shown in Figure 6 , in the event of different cases, the fault current phase of the nominal frequency component changes in different quadrants. With an increasing active power command value during the fault, the directional element sensitivity is lower. What's worse, there is the possibility that the fault direction cannot be correctly identified when the reactive power command exceeds a certain value, as shown in Figure 6 (c) and (d).
V. BLOCKING SCHEME FOR CPL CURRENT PROTECTION USING THE AMPLITUDE RATIO AND PHASE DIFFERENCE
A wind farm with n CPLs is shown in Figure 7 . Each CPL is equipped with current protection, and the m th protection is 68064 VOLUME 7, 2019 installed on the system-side CPL. The direction of the bus to line is defined as the current flow direction. As shown in Figure 7 , according to Kirchhoff's current law, we have
where subscript i is the line number. Assume that the current ratio of the i th CPL to systemside CPL is µ i . Obviously, the capacity of a single DFIG is very small compared to the grid-connected power system and the number of DFIGs on a single CPL is limited. Therefore, the short-circuit current supplied by the DFIGs on a single CPL is much smaller than the power system, which is characterized by obvious weak-feed characteristics.
A. AMPLITUDE AND PHASE ANALYSIS BASED ON DFIG WEAK-FEED CHARACTERISTICS
Based on the DFIG fault current analysis, the nominal frequency component has attenuation characteristics and the decay time is not large. Even if the characteristics of DFIGbased wind power are the same as the system-side power, the short-circuit current supplied by the system-side power is much larger than the wind power. In particular, according to the State Grid Standard [23] , the penetration rate of new energy does not exceed 25% at present. Therefore, a wind farm has typical weak-feed characteristics. In the event of a CPL fault, there is no doubt that as long as the restraint coefficient K value is set reasonably, any non-fault CPL current and system-side current satisfy the differential protection criterion, as written in (20) .
Therefore, according to the weak-feed characteristics prevailing in wind farms, the following conclusion can be drawn:
When the i th CPL current and the system-side current satisfy the criterion in (20) , it indicates that this CPL is a nonfault line. Furthermore, the current protection on this CPL should be blocked during the fault.
Introducing the current i f of the fault CPL, and the current sum i k of non-fault CPLs, the maximum current angle difference θ max between the system-side CPL and the fault CPL, we have the vector relationship between i f , i m and i k , shown in Figure 7 .
The phase angle difference has a maximum value θ max when i k is orthogonal to i f , that is, θ max = arcsin i k /i m . Introducing θ im as the current phase difference between the i th CPL and the system-side CPL, the CPL is a non-fault line once θ im is greater than θ max . Obviously, the following relationship should be satisfied, just as in (21) .
where θ set , related to θ max , is the setting value, set according to the wind power penetration rate. β is the angle margin setting to improve reliability and avoid measurement errors. In summary, once the condition in (20) and (21) is met, the line must be a non-fault CPL. Therefore, in order to ensure selectivity, the current protection on this CPL should be blocked during the fault.
B. CALCULATION OF THE AMPLITUDE RATIO AND PHASE DIFFERENCE
In order to ensure reliability, the restraint coefficient K in (20) should be large enough. Furthermore, the inequality can be equivalent to the form of the amplitude ratio, just as in (22) .
where λ is the amplitude ratio and λ set is the setting value.
As the restraint coefficient K increases, λ decreases. At the same time, the blocking reliability for CPL current protection increases. When the CPL current meets this condition, we consider this line a non-fault CPL. In the event of a fault, multiple fault components can be measured. In order to make full use of those fault components, we choose the positive VOLUME 7, 2019 FIGURE 8. Current vector relationship between fault CPL and system-side CPL.
sequence, negative sequence, and the fault-phase component to optimize the blocking criterion. The amplitude ratio and phase difference can be written as
where subscripts (1) , (2) and (ϕ) represent the positive sequence, negative sequence and fault phase component, respectively. If λ f min < λ set or θ f max > θ set is satisfied, the current protection on the CPL should be blocked.
C. CHARACTERISTIC ANALYSIS OF THE PROPOSED BLOCKING SCHEME 1) COMPARISON WITH TRADITIONAL DIRECTIONAL ELEMENTS
In order to compare the proposed blocking scheme with an abrupt signal-based directional element, the blocking area diagram of two different blocking methods is shown in Figure 9 . As shown in Figure 9 , compared to traditional directional elements, the proposed blocking scheme enables omnidirectional blocking. It means that the proposed scheme reduces the possible malfunction of current protection on the nonfault CPLs during the fault. The weak-feed characteristic of wind generators makes the fault CPL current approximately equal to the system-side CPL current. Therefore, each nonfault CPL current is much smaller than the system-side CPL current. It is reasonable to draw conclusions based on the present penetration rate of wind power. In addition, the current is the only signal that needs to be measured, and we do not need to focus on the wiring direction, which is more conducive for engineering applications. Second, the fault voltage and current frequency are generally inconsistent in wind farms. The protection calculates the current and voltage by the full-wave FFT algorithm, which may lead to misjudgment of the traditional directional elements. Only current information is measured in the proposed scheme, so the calculated amplitude ratio and phase difference do not change with frequency. Therefore, the proposed scheme will not be affected.
2) CHARACTERISTICS OF THE PROPOSED BLOCKING SCHEME
First, the proposed scheme is characterized by sufficiency and reliability. The application of the proposed scheme must be based on the premise that wind power penetration is not high. Since the scheme is based on that premise, it has typical sufficiency. Grids with a very high wind power penetration rate are not suitable for the scheme. In fact, it is a common phenomenon that the present wind power penetration rate is not high. Therefore, the reliability of the scheme can be guaranteed
In addition, the proposed scheme is characterized by adaptability and optimal selection. The positive sequence, negative sequence, and the fault phase component are made full use of to optimize the suitable signal adaptively, which helps balance the sensitivity and selectivity of the proposed scheme. In the case of asymmetric faults, the positive sequence voltage sag is not large. Therefore, the relative change in positive sequence current is small, and the relative change in negative sequence current is much larger. As a result, the sensitivity of the negative sequence component is higher. In the case of symmetrical faults, there is no negative sequence component, but the relative change in the positive sequence component is large. Therefore, the scheme sensitivity can still be guaranteed.
VI. SIMULATION ANALYSIS
The simulation model of a DFIG-based collection system with four CPLs is shown in Figure 10 , constructed by MATLAB/Simulink. The DFIG parameters are shown in Table 1 . In addition, the simulation time step is set as 1e-5s. The impedance of the step-up transformer (35kV/690V) is 4.08+j61.25 p.u. The wind speed is 8.5m/s, 9.5m/s, 9m/s and 13m/s for the first to fourth CPL's DFIGs.
A. SIMULATION ANALYSIS OF DFIG FAULT CURRENT
DFIG fault current is the basis for studying wind power characteristics and is also a prerequisite for analyzing the blocking scheme of CPL current protection. In order to verify the rationality of the proposed calculation model, we take the example of an outgoing line fault at the location of f 5 . Two cases are studied here. Case 1: Phase A to phase B grounding fault and fault time at 0.1 s. In this situation, the LVRT strategy of DFIG-based wind turbines is inputting crowbar resistance. The calculation and simulation results for DFIG fault current are shown in Figure 11 As shown in Figure 11 , the calculation results are basically consistent with the simulation results. Therefore, the theoretical correctness of the derivation process and computational model are verified. Furthermore, when inputting the crowbar resistance, there is a significant attenuation process in the positive sequence current. During the decaying positive sequence current, the phase is also changing. The reason is that the decaying speed-frequency component influences the calculation of the nominal frequency component.
B. BLOCKING PERFORMANCE OF TRADITIONAL DIRECTIONAL ELEMENTS IN A DFIG-BASED WIND FARM
Two simulation cases are used to verify the influence of DFIG-based wind farms on traditional direction elements. Case 1: phase A to phase B short-circuit fault at the location of f 1 , LVRT strategy for DFIGs by inputting 0.1 pu crowbar resistance; Case 2: phase A to phase B grounding fault at the location of f 1 , LVRT strategy for DFIGs by the converter control. The relationships between the blocking area of traditional directional elements and the current phase on the 2 nd CPL and system-side (m) line are drawn in Figure 12 (a), and (b), respectively. As shown in Figure 12 (a), when inputting crowbar resistance, it is judged to be a forward fault by the abrupt signalbased positive sequence directional element on the 2 nd CPL after a period of time. However, it is actually a backward fault. The misjudgment of fault direction prevents the CPL current protection from being effectively blocked. Meanwhile, the negative sequence directional element always correctly judges the fault direction and effectively blocks the CPL current protection. In the case of converter control during faults, just as in Figure 12 , the blocking reliability of directional elements is greatly reduced especially for the current phase in the boundary area.
On the other hand, the directional elements on the systemside CPL will not be affected. Furthermore, to test the reliability of traditional directional elements, multiple simulations VOLUME 7, 2019 under various conditions are used and the results are written in Table 2 .
Therefore, among several traditional directional elements, the adaptation problems are always with directional elements except negative sequence directional elements.
C. SIMULATION ANALYSIS OF THE PROPOSED BLOCKING SCHEME
Several typical fault types are used to verify the feasibility of the proposed blocking scheme. Case 1: Three-phase symmetrical short-circuit fault at the location of f 1 ; Case 2: Phase A to phase B short-circuit fault at the location of f 2 ; Case 3: Phase A to phase B grounding fault with transition resistance at the location of f 3 . The fault time is set to 0.1 s in all cases. The amplitude and phase relationship of positive and negative sequence currents of CPLs under different fault types are shown in Figure 13 .
As is shown in Figure 13 , the amplitude difference between the fault and system-side CPL current is not large. However, the system-side CPL current is much larger than each nonfault CPL current. Regardless of the fault type and LVRT strategy, the wind generator exhibits a weak-feed characteristic. In addition, the phase difference between the fault and system-side CPL current is small. The phase of the nonfault CPL current is related to the LVRT strategy. Generally, the phase difference between the system-side and non-fault CPL current is obvious. In order to further illustrate the effectiveness of the proposed scheme, the amplitude ratio and phase difference of each CPL current and system-side CPL current during different types of faults are calculated and are listed in Table 3 . As is shown in Table 3 , the current phase of the CPLs changes with different fault conditions. The LVRT strategy is the important factor affecting current phase. Traditional directional elements are very easy to misjudge because they only use phase information. Obviously, amplitude information is more helpful in identifying fault zones in the collection system. As long as a small threshold is set, the current protection on the non-fault CPLs can be effectively blocked.
Although the CPL current protection can be blocked based on the independent sequence components, the sensitivity of different sequence components is different. λ f min and θ f max can be calculated with the preferred scheme. The proposed scheme can effectively utilize the fault component with obvious features and has better blocking reliability for the nonfault CPLs, which helps solve the CPL current protection selectivity in the wind farm.
VII. CONCLUSION
According to the theoretical derivation and analysis of different DFIG LVRT strategies, the following conclusions are drawn. When inputting crowbar resistance, the steady positive impedance of the DFIG is not equal to the transient positive impedance; therefore, there is a speed-frequency component in positive sequence fault current. While under converter control, the positive sequence fault current is mainly affected by the active and reactive command values (P * s and Q * s ) and has little relationship with controller parameters.
The DFIG positive sequence fault current response mechanism destroys the optimal application conditions for directional elements, especially for the positive sequence, abrupt signal and phase differential-based directional elements. Therefore, these directional elements may have insufficient sensitivity and malfunction. However, it should be noted that negative sequence directional elements are not affected.
Based on the weak-feed characteristics of wind generators, a blocking scheme for CPL current protection schemes using the amplitude ratio and phase difference is proposed to improve the blocking defects of traditional directional elements in wind farms. In addition, a criterion optimization strategy based on fault phase, sequence, and abrupt current is adopted to improve the sensitivity and reliability of the proposed scheme. However, the premise of the proposed scheme is that the wind power penetration rate is not large enough. For a grid with extremely high wind power permeability, further research should be done in the future.
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